Summary: Excitotoxic activation of glutamate receptors is thought to be a key event for the molecular pathogen esis of postischemic delayed neuronal death of CA-I neu rons in the gerbil hippocampus. Glutamate receptor stim ulation also causes induction of transcription factors that belong to the class of immediate early genes. We exam ined the expression of six different immediate early genes in the gerbil hippocampus after transient global ischemia. Comparative analysis of c-fos and Krox-24 expression was carried out in the same animals at the transcriptional and translational level by in situ hybridization and immu nocytochemistry. Postischemic synthesis of four addi tional immediate early gene (lEG)-encoded proteins (POS-B, c-JUN, JUN-B, and JUN-D) was investigated by immunocytochemistry at recirculation intervals be tween 1 and 48 h. After 5 min of ischemia, transcription of Transient global forebrain ischemia causes irre versible injury only to a few specific subpopulations of highly vulnerable neurons. In the gerbil hippo campus, CA-l neurons are particularly sensitive to short periods of ischemia, and postischemic de layed neuronal death (DND) evolves slowly after an initial latent period of a few days (Kirino, 1982) .
Selective vulnerability of CA-l neurons has also been observed in rats (Pulsinelli et aI., 1982) and c-fos and Krox-24 mRNA was induced in all hippocampal sUbpopulations with peak expression at 1 h after recircu lation. In vulnerable CA-I neurons, increased transcrip tion of c-fos and Krox-24 was not followed by translation into protein. Induction of immediate early gene-encoded proteins was restricted to neuronal populations less vul nerable to brief ischemia and identified neurons that are targets of glutamate receptor-mediated neurotoxicity but that are destined to survive. Our data indicate an asyn chronous synthesis and persistence of individual IEG encoded proteins in these neurons. The staggered induc tion implies that combinatorial changes of transcription factors allow a differential postischemic regulation of tar get gene expression both spatially and over time. Key Words: Pos-Jun-Krox-24-In situ hybridization Immunohistochemistry.
humans (Petito et aI., 1987) , but the underlying mo lecular pathogenesis is not yet understood. Accord ing to current concepts, a pathological, ischemia induced neurotoxic excitation of glutamate recep tors is a key event for DND (Choi and Rothman, 1990; Teichberg, 1992) . Glutamate receptor activa tion, in turn, stimulates protein synthesis-indepen dent transcription of a number of genes collectively known as immediate early gen es (lEGs) or early respon se gen es (Bravo, 1990a; Herschman, 1991) .
lEGs are thought to be third or fourth messengers in a complex, still poorly understood, cellular cascade of stimulus-transcription coupling that converts ex tracellular signals into alterations of cellular func tions by regulating target gene expression (Morgan and Curran, 1991a) . Fos and jun are lEGs that be long to multigene families, and several members have been identified for each (Cohen and Curran, 1988; Ryder et aI., 1988; Hirai et aI., 1989; Ryder et aI., 1989; Zerial et aI., 1989; Nishina et aI., 1990) . Due to their leucine zipper domain, FOS and JUN proteins form homo-and heterodimers that act as transcription factors at specific DNA target sites such as AP-l (activator protein-1) and CRE [cyclic AMP (cAMP)-responsive element] (Halazonetis et aI., 1988; Rauscher et aI., 1988) . FOS and JUN pro teins constitute only a small part of the pool of rap idly inducible transcription factors (Bravo, 1990a) . KROX-24-also termed NGFl-A (Milbrandt, 1987) , EGR-l (Sukhatme et aI., 1988) , and Zif!268 (Christy et aI., 1988 )-belongs to a family of DNA binding proteins with zinc finger sequences. It is structur ally unrelated to FOS and JUN and has a different DNA binding site. Since a broad variety of stimuli modulate Krox-24 and c-fos expression in vitro and in vivo with strikingly similar kinetics, it has been suggested that both genes are likely to share some cis-acting 5' -regulatory elements (Sukhatme et aI., 1988) .
A wealth of experimental evidence suggests that lEGs may play a major role in the regulation of postictal adaptive phenomena (for a review, see Morgan and Curran, 1991b) . In contrast, few inves tigations have dealt with molecular details of stim Ulus-transcription coupling after global ischemia (Popovici et aI., 1990; Jorgensen et aI., 1991; Ue mura et aI., 1991; Wessel et aI., 1991) . The majority of these studies have been restricted to c-fos ex pression and have been performed on either the mRNA or protein level. In contrast to the rapid recovery of electrophysiological activity and energy metabolism after transient global ischemia, there is a persistent, severe inhibition of global protein syn thesis in CA-l neurons, while other, nonlethally in jured neuronal populations exhibit a delayed but complete recovery (Thilmann et aI., 1986) . Despite the overall protein synthesis deficit, however, spe cific genes (e.g. genes coding for enzymes such as ornithine decarboxylase or for proteins that belong to the class of heat shock or stress proteins) are known to be preferentially translated in postisch emic rodent brain (Nowak et aI., 1985; Dienel et a1. , 1986; Kiessling et aI., 1986; Vass et aI., 1988; Muller et aI., 1991; Kawagoe et aI., 1992) . Such data, how ever, are still unavailable for transcription factor synthesis in the CNS. Molecular cloning of lEGs and the generation of specific antisera have offered tools to map gene activation in situ. The present study examined the postischemic expression of se lective lEGs in gerbil brain by comparative analysis in the same animal at the transcriptional and trans lational leve1.
MATERIALS AND METHODS

Animal experiments
The bilateral carotid occlusion model has been de scribed in detail previously (Thilmann et aI., 1986) . In brief, experiments were performed on adult male Mongo lian gerbils (Meriones unguicu[atus, 70--80 g body weight) obtained from Tumblebrook Farms (West Brookfield, MA, U.S.A.). Anesthesia was induced with a mixture of 30% °2, 68.5% N20, and 1.5% halothane. Both common carotid arteries were exposed and double-clamped with atraumatic Biemer aneurysm clips. After 5 min of isch emia, clips were removed and restoration of blood flow was visually verified. Expression of lEGs was investi gated at postischemic recirculation intervals of 1, 3, 6, 24, and 48 h (n = 4 per time point). Control gerbils were subjected to anesthesia and all surgical procedures except clamping of the carotid arteries (n = 1 per time point). In addition, basal levels of lEGs were determined in four untreated animals to exclude possible effects due to handling and anesthesia. Animals were killed by trans cardiac perfusion under ether anesthesia. Heparin (90 IU) was given via the left ventricle prior to washout of blood vessels with isotonic saline. Brains were perfusion-fixed with 4% (wt/vol) paraformaldehyde solution, removed, and postfixed overnight in the same fixative prior to sec tioning. Comparative analysis of lEG expression was car ried out by in situ hybridization and immunocytochemis try using adjacent coronal tissue blocks at the level of the dorsal hippocampus. In situ hybridization was performed on paraffin sections, and immunocytochemistry was done on free-floating vibratome sections.
Northern blot analysis
Total cellular RNA isolated from gerbil brain was ana lyzed for c-fos transcription by electrophoresis through a 1 % agarose-2.2 M formaldehyde gel and subsequent transfer to nylon filter (Sartorius). RNA from serum stimulated murine NIH 3T3 cells served as positive con trol. Transfer efficiency to nylon filters was monitored by staining with methylene blue (0.04% in 0.5 M Na acetate, pH 5.2). The 1.6-kb EcoRI v-fos cDNA fragment was labeled with 40 fl-Ci 32 p dATP (specific activity > 1 ,000 Ci/mmol) using the random priming method (Feinberg and Vogelstein, 1987) . Unincorporated nucleotides were separated by P-60-sepharose columns. The heat denatured probe was hybridized to the membrane in the same buffer as used for in situ hybridization (50% form amide, 25% dextran sulfate, 0.3 M NaCi, 12.5 mM Na phosphate buffer, pH 6.8, 125 mM Tris, 10 mM DTT, 0.8 mg/ml tRNA, 0.4 fl-g poly(A), 1 nM S-rATP), and 50 fl-g/ ml S-RNA) at 42°C overnight. The washing procedure was performed under high stringency conditions in 0.2 x Sodium/Sodium citrate buffer (SSC)-O.1 % SDS (3 x 45 min, 52°C). Filters were exposed to Kodak XAR-5 films (Eastman Kodak Company, Rochester, NY, U.S.A.) us ing intensifier screens at -80°C for 72 h. The results dem onstrated specificity of the v-fos cDNA probe, showing a 2.2-kb band both for c-fos mRNA from postischemic (I-h) gerbil brain and serum-stimulated mouse NIH 3T3 cells, which served as positive control (Fig. 1) .
For Krox-24 gene expression analysis, a different Northern hybridization strategy was applied, since the Krox-24 cDNA probe synthesized and hybridized accord ing to the protocol described for c-fos produced a high background signal in Northern blots. Therefore, the ribo- probe technique (see below) was used to produce sepa rate Krox-24 antisense and sense probes. 32p_ UTP labeled Krox-24 antisense and sense riboprobes were used for Northern blot analysis as follows: poly(A)+ RNA was isolated from gerbil and mouse brain as well as from serum-stimulated NIH 3T3 cells using an RNA iso lation kit (Fast Track mRNA Isolation Kit, Invitrogen, Heidelberg, Germany). Poly(A)+ RNA was electropho resed on a 1% agarose gel containing 6% (wt/vol) form aldehyde. Following transfer to Hybond N (Amersham, Braunschweig, Germany), transfer efficiency to the filter was monitored by methylene blue staining as described above. The 32p-UTP-Iabeled probes were hybridized to the membrane in 5 x SET (1 x SET = 150 mM NaCI, I mM EDTA, 30 mM Tris-HCI, pH 8.0), 0.1% (wt/vol) so dium pyrophosphate, lOx Denhardt's solution, 150 fLg/ml denatured salmon sperm DNA, and 50% formamide at 42°C for 24 h. After washing in 0.1% (wt/vol) SDS and 0.1 % (wt/vol) sodium pyrophosphate, containing I x SET
(3 x 30 min) or 0.2 x SET (1 x 30 min) at 67"C, the blots were exposed to Kodak XAR-5 film for 3 days at room temperature. Krox-24 antisense riboprobe hybridized to a 3.3-kb fragment in extracts from NIH 3T3 cells and from mouse and control gerbil brain (Fig. I) . In contrast, the sense transcript demonstrated high cross-hybridization, most likely due to a high abundance of repetitive elements within the Krox-24 sense sequence (not shown).
Synthesis of riboprobes and in situ hybridization
A modified pSPTl9 vector including the full-length coding region of v-fos served as c-fos template plasmid. 1993 Labeled antisense RNA probe was transcribed from the BamHI-linearized template with T3 RNA polymerase (Promega), and labeled sense RNA probe was transcribed from the SalI-linearized template with T7 RNA polymer ase (Promega) in the presence of 40 fLCi e5S]UTP (1,000 Ci/mmol; Amersham). The Krox-24. antisense RNA probe was synthesized by T7 polymerase from the HindIII linearized pBS Krox-24 vector. Unincorporated nucle otides were removed by isopropanol precipitation, fol lowed by a 70% ethanol wash. Controlled hydrolysis was performed by a carbonate-bicarbonate buffer (pH 10.2) to generate 50-150-bp oligonucleotides. The specific activity of the probes was 0.25 x 10 6 dpm/fLl (c-fos) and 0.1 x 106 dpm/fLl (Krox-24). Probes were heat-denatured before use to eliminate tertiary structures.
Paraffin-embedded (5-fLm) sections were mounted on 3-aminopropyltriethoxy-silane (TESPA; Sigma)-coated slides. Prior to hybridization, slides were deparaffinized in xylene and rehydrated in a graded alcohol series. Sub sequently, sections were treated with 4% (wt/vol) paraformaldehyde, 100 mM HCI, 2 x SSC, and self digested pronase E (0.125 fLg/ml), acetylated by 0.5% ac etanhydride (in 0.1 M triethanolamine, pH 8.0), and sub sequently dehydrated in a graded alcohol series prior to air-drying. Probes were applied in 25 fLl of hybridization buffer [50% formamide, 25% dextran sulfate, 0.3 M NaCI, 12.5 mM Na-phosphate buffer, pH 6.8, 125 mM Tris, 10 mM DTT, 0.8 mg/ml tRNA, 0.4 fLg poly(A), 1 nM S-rATP, and 50 fLg/ml S-RNA]. Hybridization was car ried out by incubating slides at 58°C in a moist chamber (2 x SSC-50% formamide) overnight. To remove unhybrid ized probe, slides were washed in RNAse buffer (100 mM Tris, 0.5 M NaC!, and 50 mM EDT A) containing 20 fLg/ml RNAse A for 30 min at 37°C. Subsequently, sections were washed in a 50% formamide-RN Ase buffer (100 mM Tris, 0.5 MNaCI, and 50 mM EDTA)at 4SOC overnight. Triple high-stringency washes were performed in 0.2 x SSC for 45 min at 50°C. Sections were again dehydrated in a graded alcohol series in which water was replaced by 0.25 M ammonium acetate and air-dried prior to exposure to Kodak XAR-5 for 8 h or to Hyperfilm-[3-max (Amersham) overnight at room temperature.
From each brain, at least three sections were examined by in situ hybridization for c-fos and Krox-24 mRNA in independent experiments. Identical results were obtained for sections from the same brain. Furthermore, there was almost no interanimal variability between gerbils with identical survival periods. Thus, constitutive and peak levels as well as the kinetics of induction and decline were very similar for all animals of a group.
Immunocytochemistry
All antibodies were generated in rabbits immunized with bacterially expressed fusion proteins Bravo, 1991a, 1991h) . All cDNAs used to construct fu sion proteins were of mouse origin. The specificity of the antibodies was previously shown in immunoprecipitation and Western blot experiments Bravo, 1991a, 1991h) . To further prove the specificity of the antibodies, preabsorption of the antisera with different antigens was performed (Herdegen et aI., 1991) . For preabsorption, 1 and 10 nM fusion protein (in 12.5 mM Tris base, 12.5 mM glycine, 0.01% SDS, and 30 fLm PMSF) were incubated for 24 h with antisera diluted as for immunocytochemis try: c-FOS, 1:40,000; FOS-B, 1:2,000; c-JUN, 1:1,000; JUN-B, 1:5,000; JUN-D, 1: 10,000; and KROX-24, 1:10,000. Thereafter, the complex of antiserum and fusion protein was processed for immunocytochemistry. In all cases, immunoreactivity was blocked by 1 nM of the ap propriate antigen. Incubation with 10 nM of other related fusion proteins did not affect immunoreactivity. Immu nocytochemistry was performed on coronal free-floating 50-11m Vibratome sections. Sections were incubated in normal swine serum [10% in phosphate-buffered saline (PBS) and 0. 2% Triton X-IOO] for 1 h, followed by the primary antisera for 36 h at 4°C. The primary antisera were diluted as described above. Immunoreactivity (lR) was visualized by the avidin biotin complex method (Vectastain, Vector Laboratories, Wiesbaden, Ger many), as described previously (Gass et al., 1992a) . Sec tions were developed in 0.02% diaminobenzidine with 0.02% hydrogen peroxide. The reaction product was in tensified by addition of 0.02% cobalt chloride and nickel ammonium sulphate, resulting in black immunostaining. A subset of slides was counterstained with hemalaun. At least two sections of each brain were examined by immu nocytochemistry for individual lEG-encoded proteins with virtually identical results.
RESULTS
In situ hybridization c-fos. Using a 35 S-labeled riboprobe, hybridiza tion signals in the hippocampus and the cerebral cortex of untreated and sham-operated control ger bils were just above the limits of detection (Fig. 2) . In gerbils subjected to 5 min of global ischemia and ] h of recirculation, hippocampal neurons exhibited strong expression of c-fos mRNA with the highest labeling in dentate gyrus (DG) followed by CA-3 and CA-l. In addition, high levels of c-fos mRNA were observed in the entire cerebral cortex, in habenular, thalamic, and hypothalamic nuclei, and in ependyma. At 3 h after ischemia, mRNA levels were already substantially diminished in DG, CA-l , cerebral cortex, and subcortical regions, but high levels of labeling intensity persisted in CA-3. At all subsequent time points, hybridization in the fore brain was indistinguishable from that in controls. hybridization signals in the forebrain are just above the limits of detection. At 1 h of recirculation, c-fos mRNA is strongly expressed in cerebral cortex and hippocampus with the highest labeling intensities in dentate gyrus, followed in order by eA-3 and eA-1 . At 3 h after ischemia, increased c-fos mRNA levels only persist in eA-3; at all subsequent time points, hybridization in the forebrain is close to control (negative film images, original magnification x 1 0). Krox-24. Distinct constitutive expression of Krox-24 mRNA was present in all hippocampal re gions and in the cortex (Fig. 3) . After ischemia, transcription of Krox-24 mRNA was markedly in duced in neocortex and hippocampus with peak ex pression at 1 h. At 6 h, Krox-24 had returned to preischemic levels in the hippocampus but dropped markedly below constitutive levels in cerebral cor tex. Hybridization signals remained unchanged up to 48 h. Immunocytochemistry c-FOS an d FOS-B. In untreated and sham operated control animals, hippocampal c-FOS-IR was restricted to a few scattered neuronal nuclei, preferentially localized in the CA-3 pyramidal cell layer (Fig. 4) . At 1 h of recirculation, strong induc tion of c-FOS was restricted to dentate granule cells. At 3 h after ischemia, c-fos induction was also present in CA-3 and hilar CA-4 neurons, whereas levels in the dentate gyrus had already declined. CA-l neurons remained immunonegative with the exception of a few rather evenly dispersed nuclei localized within or immediately adjacent to the py ramidal cell layer of CA-l . At 6 h of survival, IR had declined to control levels in DG and CA-3, but hilar CA-4 neurons were still intensely labeled. At 24 h of recirculation, c-FOS-IR in the hippocampus was virtually absent with one notable exception, i.e., distinct labeling of CA-2 neurons. At 48 h after isch emia, c-FOS expression was indistinguishable from that of control (not shown).
J Cereb Blood Flow Metab, Vol. 13, No.6, 1993 FOS-B-IR in control gerbils was virtually absent in hippocampal neurons (Fig. 4) . Compared with c-FOS, FOS-B demonstrated delayed induction with peak levels in dentate granule cells at 3 and 6 h following recirculation. A moderate increase in FOS-B-IR was first evident in CA-3 neurons after 3 h and peaked after 6 h following ischemia. At 24 and 48 h after recirculation, FOS-B had returned to con trol levels (Fig. 4) . Postischemic expression of c-FOS and FOS-B was also found in ependyma, demonstrating similar time courses of induction and disappearance as found in hippocampal neurons ( Figs. 3 and 4) . Constitutive KROX-24 expression was most prominent in CA-l neurons, followed by CA-3 and CA-4, but it was low in dentate granule cells (Fig. 5) . At 1 h postischemia, moderate induc tion of KROX-24 was first observed in the DG with peak IR found after 3 h of recirculation. At this time point, a slight increase in labeling intensity was also present in CA-3 neurons, but at 6 h IR in all hippo campal subpopulations had declined to control lev els. Baseline IR in CA-l persisted up to 24 h fol lowing reperfusion but had virtually disappeared at 48 h. KROX-24 was also constitutively expressed and postischemically induced in ependymal cells. tutive expression of KROX-24 in the hippocampus is most prominent in CA-1 , followed in order by CA-3 and CA-4; it is low in dentate granule cells. In CA-1 neurons, increased post ischemic transcription of the Krox-24 gene (see Fig. 3 ) is not reflected in altered levels of immunoreactive protein, which remain unchanged up to 24 h, followed by a subsequent de cline and complete loss of IR within 48 h of recirculation (50-jJ.m vibratome sections, original magnification x40). c-JUN as well as JUN-B and JUN-D was also found in ependyma, demonstrating similar time courses to those found in hippocampal neurons. Constitutive JUN-B-IR was moderate and re stricted to CA-l neurons, apartJrom a few scattered nuclei in CA-3 and dentate gyrus (Fig. 6 ). Induction of JUN-B after ischemia largely paralleled that of c-JUN. Increased IR was first observed in dentate granule cells at 1 h after recirculation, and peak levels were attained in both granule cells and CA-3 pyramidal neurons between 3 and 6 h. At 24 and 48 h after ischemia, JUN-B-IR had returned to control levels. Again, no induction beyond constitutive ex pression was observed in CA-l neurons. Immuno reactive protein in CA-l persisted up to 24 h and subsequently declined.
Constitutive JUN-D expression in control ani mals, as well as the time course and spatial pattern following ischemia, were almost identical to that of JUN-B (Fig. 6) . The increase in JUN-D-IR in the dentate gyrus, however, was less pronounced, be ing first evident at 3 h postischemia. CA-3 neurons showed slightly enhanced JUN-D-IR at 3 and 6 h. Constitutive labeling in CA-l neurons was main tained up to 24 h but had almost disappeared at 48 h (not shown).
DISCUSSION
The present study clearly demonstrates that, in postischemic gerbil CA-l hippocampus, levels of lEG mRNAs are altered without being translated into the respective proteins. Since lEG-encoded proteins are cellular effectors acting as transcription factors at specific DNA target sites, new mRNA an d protein synthesis are required for efficient up or down-regulation of target genes. Specifically, forebrain ischemia elicited a distinct transient in duction of c-fos and Krox-24 mRNA both in vulner able, lethally injured CA-l neurons and in neuronal cell populations less vulnerable to brief ischemic insults (CA-4, CA-3, and dentate granule cells; Figs. 2 and 3) . The failure of c-fos and Krox-24 mRNA translation into protein in CA-l (Figs. 4 and 5) most likely reflects persistent postischemic inhi bition of protein synthesis. This irreversible shutoff of protein synthesis is predictive of subsequent ischemic necrosis (Thilmann et aI., 1986) and has previously been biochemically pinpointed to a block of peptide chain initiation, but its cause is still unknown (Cooper et aI., 1977) . Increased transcrip tion of the c-fos gene was restricted to the early recirculation period (1-3 h). The temporal profile and distributional pattern of c-fos mRNA expres sion in the present study (Fig. 2) ment with in situ data published by Nowak et ai. (1990) . In contrast to these gerbil data, Wessel et ai. (1991) reported biphasic c-fos induction in CA-l neurons, with a second peak at 24-48 h following transient forebrain ischemia in rats. In contrast to c-fos, Krox-24 was constitutively expressed in hip pocampus and cerebral cortex of control gerbils with a similar abundance to that found in rat and mouse brain (Figs. 3 and 5) (Schlingensiepen et aI., 1991) . High constitutive KROX-24 expression in ro dent brain is thought to be maintained by NMDA receptor-mediated normal synaptic activity, and it can be suppressed by deafferentation (Worley et aI., 1991) and treatment with the noncompetitive NMDA receptor antagonist MK-801 (Gass et aI., 1993) . Krox-24 mRNA expression after ischemia also peaked shortly after recirculation and occurred in all hippocampal subpopulations and the neocor tex ( Fig. 3) . At 6-8 h, Krox-24 labeling in the hip pocampus was comparable to preis chemic levels, but in the cortex it had dropped markedly below constitutive expression. Again, increased transcrip tion in CA-l was not reflected by elevated levels of immunoreactive protein (Fig. 5 ). This failure of mRNA translation into protein in a subpopulation of hippocampal neurons underscores the necessity for comparative investigations of gene expression at the mRNA and protein levels in experimental mod els of disease states.
At all postischemic time points, induction of lEGs on the protein level was strictly confined to non-lethally injured neurons. In CA-l, complete lack of IR in pyramidal cells at 3 h after recir-culation contrasted with a few scattered, immu noreactive, ischemia-resistant, "Y-aminobutyric acid (GABA)-ergic interneurons (Fig. 4) . Induction of lEG-encoded proteins thus identifies, at very early recirculation (1-and 3-h) intervals, neurons that are targets of glutamate receptor-mediated neurotoxic ity but are destined to survive. Levels of IEG encoded proteins with constitutive expression in CA-l (KROX-24, JUN-B, and JUN-D) remained unchanged up to 24 h postischemia, followed by a gradual decline in conjunction with neuronal degen eration ( Figs. 5 and 6) . A kinetic analysis of postischemic lEG expres sion revealed that the sequence of induction within different hippocampal subpopulations was the same for all six lEG-encoded proteins examined, with most rapid onset in the dentate gyrus, followed in order by CA-3, CA-4, and CA-2 neurons (Fig. 4 ). This sequential pattern was observed at the tran scriptional and translational level and is thus un likely to be simply a consequence of spatiotemporal differences in the recovery of protein synthesis. This finding does not preclude the possibility that the intensity of induction inversely reflects the hi erarchy of vulnerability among hippocampal neuro nal subpopulations in rodent brain to ischemia (CA-l > CA-2 > CA-4 > CA-3 > DG) (Pulsinelli, 1985; Nakagomi et aI., 1993) .
Postischemic lEG induction on the mRNA and protein level was also found in ependymal cells lin ing the cerebral ventricle, with similar kinetics to those found in hippocampal neurons. It is currently not known whether this induction reflects ischemic injury or it is due to intraventricular toxic metabo lites affecting this cell popUlation.
Despite the stereo typic sequential induction in different hippocampal subpopulations, analysis of the time course of postischemic lEG induction re vealed an asynchronous synthesis and disappear ance of individual transcription factors. This stag gered induction has also been reported after epi lepsy and focal ischemia (Gass et aI., 1992a,b) . Recent studies indicate that the selective activation of subsets of lEGs provides a mechanism to regu late the expression of specific target genes. Het erodimers of FOS and JUN, as well as KROX-24, appear to be capable of activating certain target genes and repressing others (Chiu et aI., 1989; Schutte et aI., 1989; Schonthal et aI., 1989) . They have also been shown to possess different binding affinities at specific DNA binding sites such as AP-l and CRE (Ryseck and Bravo, 1991) . The complex ity of transcriptional effects arising from possible combinations of different FOS and JUN dimers is further increased by the fact that the binding pro-J Cereb Blood Flow Metab, Vol. 13, No. 6, 1993 cess is also regulated by the flanking regions of these DNA target sites (Ryseck and Bravo, 1991) . In vitro studies have shown that FOS-JUN com plexes are capable of regulating genes with prefer ential expression in the nervous system, such as proenkephalin, prodynorphin, and nerve growth factor (Sonnenberg et aI., 1989; Hengerer et aI., 1990; Naranjo et aI., 1991) . Very brief ischemia (2 min) induces tolerance to subsequent 5-min isch emia in CA-l neurons (Kirino et aI., 1991) . Simi larly, low concentrations of glutamate have been reported to induce a robust neuroprotective state in cultured cerebellar granule cells against subsequent exposure to toxic concentrations (Marini and Paul, 1992) . Moreover, glutamate receptor antagonists block the development of neuroprotection. These data raise the question of how mild ischemic insults or low concentrations of glutamate receptor ago nists can be neuroprotective when more sustained ischemia or high concentrations of glutamate cause irreversible injury. In cerebellar granule cells, low concentrations of glutamate are also known to in duce c-fos, whereas high concentrations fail to in duce lEG expression (Manev et aI., 1990) . Conceiv ably, therefore, the transcriptional regulation of tar get genes by lEGs may be a necessary event for the development of a neuroprotective state. Unequivo cal identification and cloning of target genes will be crucial to determine whether lEGs mediate a ho meostatic response or even tolerance to ischemia, which could lead to novel therapeutical strategies against receptor-mediated neurotoxicity. encoding gene coregulated with c-fos during growth and dif ferentiation, and after cellular depolarization. Cell 53:37-43 Teichberg VI (1992) stress protein induction in gerbil brain after ischemia. Acta Neuropathol 77: [128] [129] [130] [131] [132] [133] [134] [135] Wessel TC, Joh TH, Volpe BT (1991) In situ hybridization anal ysis of c-fos and c-jun expression in the rat brain following transient forebrain ischemia. Brain Res 567: [231] [232] [233] [234] [235] [236] [237] [238] [239] [240] Worley PF, Christy BA, Nakabeppu Y, Bhat RV, Cole AJ, Bara ban JM (1991) Constitutive expression of zif268 in neocortex is regulated by synaptic activity. Proc Natl Acad Sci USA 88: [5106] [5107] [5108] [5109] [5110] Zerial M, Toschi L, Ryseck RP, Schuermann M, Miiller R, Bravo R (1989) The product of a novel growth factor acti vated gene, fos B, interacts with JUN proteins enhancing their DNA binding activity. 
